This paper presents the vision of the 5G STEP-FWD project, funded by the European Commission, with the objective to propose a novel optical-wireless networking solution for the provision of high speed connectivity to end users. The features of the new architecture, based on the utilization of Ultra-Dense Wavelength Division Multiplexing Passive Optical Networks as the backhaul network, providing access to hyper dense mmWave networks, are presented in detail. Moreover, the research challenges to meet the 5G requirements in terms of low latency, spectral and energy efficiency are highlighted, followed by the description of way the project 5G STEP-FWD is going to address them.
been considered as an effective solution for the access networks, given that PONs are able to provide huge bandwidth in a cost effective manner. Apart from their application as a resourceful access network, PONs have also been considered as the backhaul for wireless networks, such as Wi-Fi and LTE [7] . However, the main limitation for the utilization of legacy PONs as the backhaul of mmWave networks is their relatively small splitting ratio, which can be inadequate to support a huge number of small cells. The Ultra Dense Wavelength Division Multiplexing (UDWDM) PON is an ultimate solution to deal with this issue, since it can support up to 1000 wavelengths that can be assigned to the different small cells. However, the upgrade of already installed PON infrastructures to UDWDM PONs, and the transmission of mmWave signals on a large number of wavelengths raise new challenges for the exploitation of the UDWDM technology as a backhaul solution.
To achieve high capacity and low latency backhauling the EU research project 5G STEP-FWD proposes a new architecture that uses UDWDM PONs as the backhaul of mmWave networks ( Fig. 1) , while it provides knowledge on the physical layer requirements, as well as on MAC layer and network control design and analysis of both optical and wireless domains. The proposed architecture takes full advantage of the ultra-narrow wavelength spacing of the UDWDM technology, in order to provide connectivity to a dense small-cell population. In the rest of the paper we present the 5G STEP-FWD architecture, as well as the research challenges that will be resolved throughout the duration of the project.
THE 5G STEP-FWD NETWORK ARCHITECTURE
5G STEP-FWD proposes the connection of small cells to different PONs through ( Fig. 1 ): i) fiber links between two Optical Line Terminals (OLTs), ii) point-to-point fiber links, iii) small-scale fiber protection rings among locally adjacent Optical Network Units (ONUs). The third approach is an effective solution due to the dark fiber, which is already installed in urban areas but it is unlit. Moreover, the 5G STEP-FWD has a Software Defined Network (SDN)-based architecture, where all available resources from access and backhaul networks are collected into a joint pool and are managed and controlled by a unified SDN control plane. In the converged PON, the locations of the SDN controllers for the management of network resources offered by multiple PONs are optimally selected, in order to minimize delays that occur due to the long Round-Trip-Time in PONs. 5G STEP-FWD focuses both on the physical and network layers:
• At the physical layer, 5G STEP-FWD aims at providing a comprehensive framework based on a disruptive device-or user-centric cellular concept, which will allow smart overlaid peer-to-peer communications, while it will also optimally allocate small cells where the fiber goes, by exploiting stochastic geometry, random shape theory and communications theory. At the same time, local interference awareness, advanced beamforming design and caching awareness are concepts that can overcome the operational limitations stemming from the fact that the serving access point is chosen based on link quality rather than on the actual load or backhaul availability, and will provide the means for the development of new association strategies based on the resource availability of the converged network. 5G STEP-FWD also targets to address the explicit limitations that emerge from the provision of service to a high number of end users through the utilization of UDWMD PONs, by designing a novel approach for a coherent UDWDM PON that achieves low insertion loss and high splitting ratio, while it optimally distributes network resources for specific traffic patterns.
• At the network layer, the modelling and optimization of the 5G STEP-FWD network resource usage is envisioned through the incorporation of a Software-Defined-Network (SDN) framework, which integrates multiple wireless and backhaul resources into a single pool, and could play a key role in supporting multi- 
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Th.A2.2 3 tenancy and enabling the network operation management and optimization. The provision of this "network programmability" feature will reduce service complexity, enhance flexibility and scalability, and ensure high reliability. The utilization of novel Medium Access Control (MAC) protocols, which can be adjustable when applied to a network of interconnected UDWDM PONs, will complement the SDN operation for the provision of i) enhanced service differentiation with reduced latency and congestion, and, ii) improved throughput and higher robustness over transmission errors.
THE 5G STEP-FWD CHALLANGES
5G STEP-FWD aims at proposing, studying, optimizing, quantitatively assessing and comparing advantages and disadvantages of hybrid fiber-wireless architectures, topologies and technologies, which will significantly shape 5G standards and will enable the requested 1000 times increase of spectral efficiency, lower round-trip delays (< 1 ms), and 90% reduction of energy consumption. These challenges will be tackled by a team of researchers belonging to a consortium formed by 5 academic institutions (CTTC-Spain, KTH-Sweden, AUTH-Greece, TU\e-the Netherlands, CNRS-France) and 4 industrial partners (Iquadrat-Spain, OTE-Greece, III-V Labs-France, SIAE Microelectronica-Italy), who will work across multiple disciplines and sectors. The 5G STEP-FWD challenges are grouped in three main categories, which are presented in the following subsections.
Wireless Challenges
The 5G STEP-FWD Wireless Challenges refer to radical changes in the mmWave network, in order to go beyond the state of the art and develop a practically viable transmission technology for cellular networks. Specifically, we aim to develop innovative approaches for modeling, designing and optimizing hyper dense mmWave cellular networks designed based on the SDN and Network Functions Virtualisation (NFV) principles; this challenging target is achieved by assessing fundamental trade-offs between spectrum and infrastructure sharing. Our approach is based on the combination of the two principles and the quantification of the resulting network performance gains. We also target to overcome the concept of cell-centric cellular architecture by proposing a disruptive device-or user-centric cellular concept, which enables using smart (i.e. based on distributed and interference-aware algorithms/protocols) overlaid peer-to-peer communications. The proposed innovation relies upon decoupling downlink and uplink communications between mobile terminals and access points, as opposed to the 4G's static "downlink-based" association criteria, and on enabling multi-connectivity, where a user has multiple active connections with several access points for "infinite capacity" and "zero latency" perception. In addition, in order to introduce new switching off schemes for the base stations, we target to introduce novel schemes that employ tools from machine learning to enable the deactivation of underutilized base stations, while minimizing the network's outage probability.
Specific limitations of currently used or recently proposed solutions for mmWave networks are also of key importance and targeted to be addressed. Specifically, since mmWave cellular networks are based on the smallcells concept, each mobile terminal has, in principle "its own personal" cell that may "follow" and "be available" to it anytime and anywhere. This implies that many access points may be off most of the time, since no mobile terminals are active. This operating regime is totally different and highly suboptimal for currently deployed highly-loaded cellular networks, where each base station serves many users simultaneously, while the serving access point is chosen based on link quality rather than on the actual load or backhaul availability. We aim to overcome this limitation by proposing novel association strategies between mobile terminals and access points that take their load and backhaul capability explicitly into account. Finally, the main limitations of the mmWave antennas (large space, site acquisition difficulties due to hyper dense deployment, etc.) can by overcome by totally re-thinking the concept of antenna design for mmWave hyper dense networks. The idea is that the antenna-array needs to be perceived as "invisible by design" to the users, by configuring it in a flexible and adaptive manner on any place that is cost-affordable and convenient from the deployment point of view.
Optical Challenges
In the backhaul domain of the 5G STEP-FWD network, the PON is a viable and cost-effective solution for the provision of huge bandwidth in the last mile. In order to achieve high spectral efficiency and ultra-high data transmission rates the UDWDM technology has been recently proposed; however, this multiplexing approach is still in its infancy and there are fundamental issues and challenges (OC1-OC3) that still need to be addressed, in order to minimize nonlinearities and achieve ultra-dense channel spacing. To this end, the 5G STEP-FWD aims to design a coherent UDWDM PON with simple and low-cost processing components that provides connectivity to a large ONU population, which is compulsory for connecting ultra-dense small cells. This will be achieved by i) optimally combining Arrayed Waveguide Gratings (AWGs), power splitters and amplifiers in the optical distribution network, ii) developing an innovative, cost-effective transmission module for the generation of very closely-spaced wavelengths that will replace the utilization of expensive wavelength lockers, and, iii) developing a receiver based on very high sensitivity photodiodes that can achieve higher sensitivity with higher power budget (> 50 dB) and lower BER values, compared to state-of-the-art.
In the optical network architecture domain, the 5G STEP-FWD aims to investigate both UDWDM PONs for the case of already installed PONs and Long Reach (LR) PONs for the provision of service to areas where no PONs are installed, while maximizing ONU population and minimizing installation cost. In the network control domain, the 5G STEP-FWD aims to design innovative wavelength/bandwidth allocation techniques that will jointly consider a centralized controller for a group of ONUs (that may belong to different PONs), the ONUs' wavelength tunability (limited or broad), while Service-Level-Agreement requirements and fault management techniques will be also taken into account. Moreover, new MAC layer solutions, such as ONU registration/activation and wavelength availability report will be also proposed. Finally, to cope with variable traffic demands, novel polling schemes will be developed that will consider a separate wavelength for the ONU bandwidth-request reports, resulting in a real-time bandwidth-report processing.
Optical Wireless Challenges
Converged optical-wireless networks have emerged as a prospective solution for the provision of higher transmission speeds in the access domain. Current trends on such networks include schemes consisting of PONbased fiber backhaul and IEEE 802.11-, LTE-or WiMAX-based access network. Only recently, the UDWDM PONs and mmWave access networks convergence has been proposed for the provision of multi-Gbps transmission speeds [8] . Still, research on the architecture of this innovative scheme has not yet started. To this end, the 5G STEP-FWD project aims at enabling the support of mmWave end users through a novel converged mmWave-UDWDM PON network design, which will efficiently utilize existing fiber infrastructures, while the minimization of the newly installed fiber will be of primary importance. Additional functionalities such as selfhealing, auto-configuration and resilience to failures will be introduced through the development of real-time fault-compensation algorithms. Furthermore, physical layer aspects such as the interface between the ONU and the mmWave antenna will be designed, with a photonic up-conversion module for delivering mmWave signals from the optical signal and a wireless down-conversion module both for the ONUs and the OLT. Finally, an SDN-based architecture will be introduced, so that all available resources from access and backhaul networks are collected into a joint pool and are managed and controlled by a unified SDN control plane. In the converged mmWave UDWDM PON, the location of the SDN controllers will be optimally selected, in order to minimize delays that occur due to the long Round-Trip-Time in PONs, while, a strategy for the efficient management of the SDN controllers will be developed to optimally allocate resources to both wired and wireless users.
CONCLUSIONS
This paper presents the vision of the 5G STEP-FWD project proposing a novel optical-wireless networking solution. The 5G STEP-FWD network architecture is presented, which uses UDWDM PONs in order to provide connectivity to a dense small-cell population. The main challenges of the proposed network to overcome limitations of both the wireless and the optical domains are also presented. It should be noted the 5G STEP-FWD will achieve its objectives by involving 15 Early Stage Researchers (ESRs), who will have the opportunity to perform a combination of basic, experimental and applied research in cross-sectored fields (optical and wireless), attaining a unique cross-domain expertise (both from industry and academia) that will allow them to become unique experts and leaders of the future 5G systems.
